U.S. Army
Research Institute of
Environmental Medicine

Natick, Massachusetts

TECHNICAL REPORT NO. T19-02
DATE October 2018

THERMAL MANIKIN AND MATHEMATICAL MODELING EVALUATION OF
MILITARY HEAD-WORN COVERS

Approved for Public Release; Distribution Is Unlimited

United States Army
Medical Research & Materiel Command




DISCLAIMER

The opinions or assertions contained herein are the private views of the author(s)
and are not to be construed as official or reflecting the views of the Army or the
Department of Defense. The investigators have adhered to the policies for protection of
human subjects as prescribed in 32 CFR Part 219, Department of Defense Instruction
3216.02 (Protection of Human Subjects and Adherence to Ethical Standards in DoD-
Supported Research) and Army Regulation 70-25.



USARIEM TECHNICAL REPORT T19-02

THERMAL MANIKIN AND MATHEMATICAL MODELING EVALUATION OF MILITARY
HEAD-WORN COVERS

Adam W. Potter
Julio A. Gonzalez
Xiaojiang Xu
David P. Looney
Scott J. Montain

Biophysics and Biomedical Modeling Division, USARIEM, Natick, MA

October 2018

U.S. Army Research Institute of Environmental Medicine
Natick, MA 01760-5007



Form Approved
REPORT DOCUMENTATION PAGE OMB e, o0t 0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of
information, including suggestions for reducing the burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188),
1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any
penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) | 2. REPORT TYPE 3. DATES COVERED (From - To)
09-25-2018 TechnicalReport 2018
4. TITLE AND SUBTITLE 6a. CONTRACT NUMBER

THERMAL MANIKIN AND MATHEMATICAL MODELING
EVALUATION OF MILITARY HEAD-WORN COVERS

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHORI(S) 5d. PROJECT NUMBER
AdamW. Potter
JulioA. Gonzalez

5e. TASK NUMBER

XiaojiangXu
David P.Looney
ScottJ. Montain 5f. WORK UNIT NUMBER
H
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

BiophysicsandBiomedicalModelingDivision REPORT NUMBER

U.S.Army Researchnstituteof EnvironmentaMedicine
Building 42 - KansasStreet
Natick, MA 01760

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)

U.S.Army Medical ResearclandMateriel Command,
Fort Detrick, MD 21702

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

T19-02

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approvedfor public releasedistributionunlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

This reportoutlinesbiophysicalpropertiesof two differentmilitary head-worrcovers a prototypeAfghanistanmilitary coverand
thecurrentissueUS Army patrolcover. This work describeshe methoddor calculatingtheir biophysicalinputsbasedn awhole
humanensembleandshowsmodelingresultsof the predictedthermoregulatoryesponsdalifferencesbetweerthetwo covers.
Biophysicalassessmenthownegligibledifferencedetweerthe prototypeAfghanistammilitary cover(AF) andthe currentissue
US Army patrolcover(US). Thermalresistance&alueswerecomparabléetweerthetwo (AF; 0.12andUS;0.12[m2K/W]: 0.79
and0.74clo units). Evaporativaesistancealueswerealsosimilar (AF; 15.78andUS; 15.94[m2Pa/W]:0.47and0.44
permeabilityindices). Thermoregulatorynodelingshowedno differencesoveratwo hour (120 minute)periodduringbothrestand
moderatevalking activity (< 1%). Thiswork concludeghatfrom a biophysicalandpredictedhermalstresgerspectivehereis no
significantadvantagef onecoverversusthe other.

15. SUBJECT TERMS
thermalmanikins;biophysicsclothing; predictivemodeling;thermoregulationheadgear

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF [18. NUMBER [19a. NAME OF RESPONSIBLE PERSON
a. REPORT | b. ABSTRACT | c. THIS PAGE ABSTRACT SXGES AdamW. Potter
e e g ifi 19b. TELEPHONE NUMBER (/nclude area code)
Unclassified| Unclassified| Unclassified Unclassified
14 508-233-4735

Standard Form 298 (Rev. 8/98)
Reset | prescribed by ANSI Std. 239.18



TABLE OF CONTENTS

Section Page
IS A0 T U USSP v
IS A0 N = 1 o] =PRI v
ACKNOWIEAGMENTS ... e e e e e e e e et e e e e e e e e e e eaan e e e eees v
EXECULIVE SUMIMATY ...ttt s e e e e e e e e e et e e e e e e e e e eeaaaa e eaeeeeeennne 1
(o o [F o 1o o PSSP 2
Y11 T To KPP 2
MAEETIAIS ..o 2
Clothing BIOPNYSICS ...cevviiiiiiiiiiiiiiiiiieeeee ettt 3
Modeling and ANAIYSIS........cooiiiiiiiiiii 4
RESUILS .ttt ettt e et e e 5
Biophysical RESUILS .........coooiiiiiiiiii e 5
Modeling INPUL VAIUES ........cooiiiiiiiiiiiieee e 5
BIiophySiCal INPULS ..o 5

Metabolic COStINPULS ........ooviiiie e 6

MOEINNG RESUILS ... e e e e e e e 6

3 o U7 o] o PO 7
(@] o 11 ] o] 0 1 7
] (=] (=] 1= PSRRI 8



Figure

Table

LIST OF FIGURES

Sweating thermal manikin head (a), prototype Afghanistan military
cover (b) and US Army current issue patrol cover (c)

Predicted core body temperature response during rest

Predicted core body temperature response during moderate
walking

LIST OF TABLES

Sweating thermal manikin derived biophysical measures
Whole human biophysics for low wind (~0.5 m/s) conditions
Calculated biophysics and wind velocity coefficients (9) for 1.0 m/s

Estimated metabolic costs for resting and a moderate walking
activity



ACKNOWLEDGMENTS

The authors would like to thank and acknowledge COL James Ness (U.S.
Military Academy, West Point, NY) for requesting this evaluation and for reviewing the
results.



EXECUTIVE SUMMARY

The purpose of this work is to make scientific comparisons between a prototype
Afghanistan military cover with an additional fabric liner to the current design cover that
does not include the added fabric liner (US Army patrol cover).

This report outlines biophysical properties of two different military head-worn
covers, a prototype Afghanistan military cover and the current issue US Army patrol
cover. This work describes the methods for calculating their biophysical inputs based
on a whole human ensemble, and shows modeling results of the predicted
thermoregulatory response differences between the two covers.

Biophysical assessments show negligible differences between the prototype
Afghanistan military cover (AF) and the current issue US Army patrol cover (US).
Thermal resistance values were comparable between the two (AF; 0.12 and US; 0.12
[m2K/W]: 0.79 and 0.74 clo units). Evaporative resistance values were also similar (AF;
15.78 and US; 15.94 [m?Pa/W]: 0.47 and 0.44 permeability indices).

Thermoregulatory modeling showed no differences over a two hour (120 minute)
period during both rest and moderate walking activity (< 1%).

This work concludes that from a biophysical and predicted thermal stress
perspective there is no significant advantage of one cover versus the other.



INTRODUCTION

The US Army has long used thermal manikins and thermal model component
level testing methods for evaluation of clothing and individual equipment (CIE) worn by
military service members [1]. The scientific evaluation of CIE includes three main
areas: biophysical evaluations, biomedical modeling, and human research studies.
Typically the first step in these evaluations are conducted within a lab setting without
accessing human test volunteers (i.e., biophysics and modeling). Direct biophysical
data evaluations can be helpful in showing a quantitative value comparisons from one
ensemble or component item to another [2]. However, a more informative approach is
to combine these measured values with thermoregulatory models. These models
enable predictions of thermoregulatory responses based on different individuals, as well
as varied environments, clothing, or activity levels [3].

Within the US Army Research Institute of Environmental Medicine (USARIEM),
the Biophysics and Biomedical Modeling Division (BBMD) has capabilities for
conducting biophysical assessments at the material level (i.e., a fabric) using a sweating
guarded hot plate), for component items (e.g., headgear, gloves, boots), using thermal
manikin components, e.g., head, hand, or foot manikins; as well as whole-system level
(i.e., full ensemble) tests using whole-body thermal manikins. Each of these systems
are operated and maintained within climate controlled environmental chambers at
USARIEM.

This report: 1) describes the biophysical properties of two different military head-
worn covers, 2) describes the methods for calculating their biophysical inputs based on

a whole human ensemble, and 3) models the predicted thermoregulatory response
differences between the two covers.

METHODS
This study compared the biophysical test results between a nude manikin model

head, a prototype Afghanistan military cover, and current the US Army patrol cover.
This data was then modeled and compared to understand the thermal differences
between the two covers and in relationship to the absence of a cover.
Materials

a) Nude thermal manikin model head (NUDE) — Figure 1la

b) Prototype Afghanistan military cover (AF) — Figure 1b

c) US Army current issue patrol cover (US) — Figure 1c



Figure 1. Sweating thermal manikin head (a), prototype Afghanistan military cover (b)
and US Army current issue patrol cover (c)

Materials were tested using a sweating thermal manikin head (Model: “Icabod” -
Thermetrics, Seattle, WA http://www.thermetrics.com/), located within an
environmentally controlled climate chamber at the US Army Research Institute of
Environmental Medicine (USARIEM). The sweating thermal manikin head is comprised
of 6 independently controlled zones (forehead, head back, face, neck left, neck right,
and neck front) (Figure 2).

Clothing Biophysics

Biophysical assessments were conducted to determine the thermal resistance
(R m?K/W) and evaporative resistance (Ret m?Pa/W), of each of three conditions (nude,
Afghan, and USA). Testing was conducted according to American Society for Testing
and Materials (ASTM) standards (ASTM F1291-16 and F2370-16) [4-5]. Measures of Ry
and Ret were then converted in units of clo (1 clo = 0.155 [m?K/W]) and used to
calculate the vapor permeability index (im), @ non-dimensional measure of water vapor
resistance. The ratio of im and clo (im/clo) was used to characterize the equipment’s
evaporative potential [6-7].

_ (Ts_Ta) 2
Ry = =2 [m’K/W] Eq 1.

1clo = 0.155 [m?K/W] Eq 2.

_ (Psat_Pa) 2
R, = Y [m“Pa/W] Eq 3.

_ 60.6515 Ry
Ret

Eq 4.

lm

where Ts is surface temperature, Ta is the air temperature in °C or K; Q is power input in
W to maintain Ts at a given set point; A is the surface area of the manikin in m?. Psa is
vapor pressure in Pascal at the surface of the manikin (assuming full saturation), and Pa
is vapor pressure, in Pascal, of the chamber environment.


http://www.thermetrics.com/

As a component item, measurement of the cover can be done using the above
principles outlined in equations 1-4. However, to include it into the full ensemble we
must account for sections of the full manikin using the below set of equations.

Q' — Ai'(T_Ta) Eq 5
l Ri "
A -(T—T )
— n __ “total a
Qtotal - Zi Qi - Reoral Eq- 6
A A;
total — :1_1 Eq 7
Reotal R;
_ Atotal
Rtotal — ondi Eq- 8
D

where Q is heat loss (W); A is the surface area of the section (m?); R is thermal
resistance (m2°C/W); T is surface temperature of the manikin (°C); i is the section
number; and n is the total number of sections.

Modeling and Analysis

A biophysics-based modeling approach was used to compare the predicted
thermoregulatory responses to wearing a standard military ensemble with the prototype
Afghanistan military cover and the US Army patrol cover in hot and dry conditions [3].
The model used includes inputs that account for information related to the human, the
environment, activity, and the biophysics of the clothing. For the purposes of this
modeling and simulation, the only feature changed was the biophysics to account for
the measured differences between the two covers. Collectively, the head and neck
account for ~ 8% (0.14 m?) of a total surface area of a full human manikin (1.81 m?). Of
this the uncovered face and neck account for the majority, leaving 1-2 % surface area
coverage from a military cover. For the clothing modeling, a standard uniform [8] was
used as the baseline and substituting the manikin head data into the whole manikin data
using the set of sectional equations (Eq. 5-8) in conjunction with the whole system
methods (Eq. 1-4).

The human inputs assumed a standard, healthy male, normally hydrated, heat
acclimated (12 days), 170 cm; 70 kg; with a body surface area of 1.8 m?. The modeled
conditions for the environment (ambient temperature (Ta, °C), relative humidity (RH, %),
mean radiant temperature (Tmr, °C), and wind velocity (V, m/s)) were set as typical hot
and dry condition seen in Afghanistan mid-day July (33.9°C, 0% RH, 3.58 m/s)
(accessed from https://weatherspark.com, 20 September 2018). Modeled activities were
set to a resting condition and a moderate activity (350 W).



https://weatherspark.com/

RESULTS
Biophysical Results

Table 1 outlines the measured results from the sweating thermal manikin head
tests. Table 2 shows the values used to describe the influence of these different covers
on a whole human. While differences can be observed in both the component,
sweating head values (Table 1) as well as the calculated total human values (Table 2),
from a biophysics perspective these are negligible.

Table 1. Sweating thermal manikin derived biophysical measures

Test wind Thermal Thermal wind Evaporative  Permeability | Evaporative
Velocity  Resistance Insulation | Velocity Resistance Index Potential
(m/s) (R m? K/W) (clo) (m/s) (Ret: M2 Po/W) (im) (im/clo)
Nude 0.59 0.090 0.58 0.62 11.33 0.48 0.83
AF 0.60 0.123 0.79 0.62 15.78 0.47 0.60
us 0.60 0.115 0.74 0.62 15.94 0.44 0.59

Table 2. Whole human biophysics for low wind (~0.5 m/s) conditions

Test Condition Thermal Thermal Evaporative  Permeability | Evaporative
Resistance Insulation Resistance Index Potential
(R m? K/W) (clo) (Ret: M2 Pa/W) (im) (im/clo)
Standard Uniform no cover 0.181 1.17 33.51 0.33 0.28
Standard Uniform w/AF 0.186 1.20 34.21 0.33 0.27
Standard Uniform w/US 0.185 1.19 34.09 0.33 0.28

Modeling Input values
Biophysical inputs

The modeling approach used requires four calculated or estimated biophysical
inputs at 1 m/s wind velocity and exponent values (%) for interpreting changes in wind
velocity; specifically clo 1 m/s, a clo exponent (clo9), im/clo 1 m/s, and an im/clo wind

exponent (im/clo¥) (Table 3) [9].

Table 3. Calculated biophysics and wind velocity coefficients (%) for 1.0 m/s

Ensemble | clo clo? im/ClO im/ClO®
Standard Uniform no cover 1.04 -0.245 0.387 0.339
Standard Uniform w/AF 1.06 -0.246 0.376 0.340
Standard Uniform w/US 1.05 -0.246 0.375 0.340



Metabolic cost inputs

Estimations for modeling inputs of metabolic costs [10] are shown in Table 4.

Table 4. Estimated metabolic costs for resting and a moderate walking activity

Ensemble | Rest Exercise activity
Standard Uniform no cover 106 W 402 W (52 external work)
Standard Uniform w/AF 106 W 402 W (52 external work)
Standard Uniform w/US 106 W 402 W (52 external work)

Modeling Results

Predicted core body temperatures were made based on component and whole
manikin-obtained biophysical properties (Tables 1 and 2) along with environmental
inputs typical to hot dry environmental conditions, and a resting and moderate walking
activity. Figures 2 and 3 show the modeled responses over a 120 minute period.
Observed differences in the calculated properties exist (Tables 1 and 2) between the
different covers; however, predicted thermal responses are negligible (Figures 2 and 3).

Figure 2. Predicted core body temperature response during rest
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Figure 3. Predicted core body temperature response during moderate walking
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DISCUSSION

While this study shows no significant differences between the two covers; it is
possible for there to be human factors related differences (e.g., comfort) that are not
very easily modeled [11]. These human factors related issues are by nature subjective
and can have significant variability within a population. There are several human
variable factors that can change these values, such as head shape, size, and hair. The
biophysics of heat exchange for the cover includes three elements, air gap (Rgap),
clothing textile (Rc)), and boundary layer (Ry); where the total resistance is:

Resistance = Rgyqp + R¢ + Rp;. The air gap factor is influential as a role in determining
the overall value; therefore the amount of space between the head and material can
change the overall thermal properties. Additionally, the biophysics can be changed by
individual do to the inclusion or exclusion of hair and changed by the variable properties
of hair (e.g., density, length, volume). All of these points said, as the total covered
space of the cover is less than 3% of the total surface area, any of these changes would
also be seen as relatively insignificant.

CONCLUSIONS

This study outlines the quantitative similarities between the two head-worn
covers from a dry and evaporative heat transfer perspective. The modeling and
simulation collectively describe scientific approach that clearly shows no significant
differences in thermal response to wearing the two items; therefore thermal stress
should not be considered as a key factor in the procurement of a cover with increased
fabric.
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